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Crystal structure of the dihaem cytochrome c4 from Pseudomonas
stutzeri determined at 2.2Å resolution
Anders Kadziola and Sine Larsen*
Background: Cytochromes c4 are dihaem cytochromes c found in a variety of
bacteria. They are assumed to take part in the electron-transport systems
associated with both aerobic and anaerobic respiration. The cytochrome c4
proteins are located in the periplasm, predominantly bound to the inner
membrane, and are able to transfer electrons between membrane-bound
reduction systems and terminal oxidases. Alignment of cytochrome c4 sequences
from three bacteria, Pseudomonas aeruginosa, Pseudomonas stutzeri and
Azotobacter vinelandii, suggests that these dihaem proteins are composed of
two similar domains. Two distinctly different redox potentials have been
measured for the Ps. stutzeri cytochrome c4, however.
Results: The crystal structure of the dihaem cytochrome c4 from Ps. stutzeri
has been determined to 2.2 Å resolution by isomorphous replacement. The
model, consisting of two entire cytochrome c4 molecules and 138 water
molecules in the asymmetric unit, was refined to an R value of 20.1% for all
observations in the resolution range 8–2.2 Å. The molecule is organized in two
cytochrome c-like domains that are related by a pseudo-twofold axis. The
symmetry is virtually perfectly close to the twofold axis, which passes through
a short hydrogen bond between the two haem propionic acid groups,
connecting the redox centre of each domain. This haem–haem interaction is
further stabilized by an extensive symmetrical hydrogen-bond network. The
twofold symmetry is not present further away from the axis, however, and the
cytochrome c4 molecule can be considered to be a dipole with charged
residues unevenly distributed between the two domains. The haem
environments in the two domains show pronounced differences, mainly on the
methionine side of the haem group.
Conclusions: The structure, in conjunction with sequence alignment,
suggests that the cytochrome protein has evolved by duplication of a
cytochrome c gene. The difference in charge distribution around each haem
group in the two domains allows the haem group in the N-terminal domain to
be associated with the lower redox potential of 241 mV and the C-terminal
haem group with the higher potential of 328 mV. The molecular dipole
characteristic of cytochrome c4 is important for its interaction with, and
recognition of, its redox partners. In cytochrome c4, the hydrogen-bond
network (between residues that are conserved in all known cytochrome c4
subspecies) seems to provide an efficient pathway for an intramolecular
electron transfer that can ensure cooperativity between the two redox centres.
The C-pyrrole corners of the haem edges are potential sites for external
electron exchange.
Introduction
The cytochrome c4 (cytC4) proteins are dihaem class I
cytochromes c (molecular mass approximately 20kDa)
found in a variety of bacteria [1,2]. Each haem group is
covalently attached to the polypeptide chain via covalent
bonds to two cysteines, and the haem iron is axially ligand-
bound by a histidine and a methionine residue, forming a
hexacoordinated low spin complex in its reduced state.
The cytC4 proteins, from three different bacteria,
Pseudomonas aeruginosa, Pseudomonas stutzeri and Azotobacter
vinelandii, have been characterized and sequenced [3,4].
Alignment of the three cytC4 sequences has suggested that
these dihaem proteins are formed of two similar domains,
although the sequence identity between the two domains
is less pronounced (around 30%) than the overall sequence
identity between different cytC4 proteins (around 80%).
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The cytC4 proteins have been found tightly bound to the
membrane, and it has been proposed that they play an
important role in aerobic respiration of (Gram-negative)
bacteria by acting as an electron conductor between oxi-
dases and reductases in the membrane [5,6], although
detailed information is not available about their exact func-
tion in the cell. Work several years ago [7,8] suggested that
cytC4 interacts with an oxidase similar to cytochrome o.
In redox proteins with multiple redox centres, the redox
centres may act independently or interact with each other
to different degrees. The dihaem cytC4 provides a suit-
able system for studying cooperativity in the electron-
transfer processes as each haem group acts as a redox
centre. A recent analysis of the kinetics of the oxidation
and reduction processes of cytC4 from Ps. stutzeri assigned
the values of 241 mV and 328 mV for the reduction poten-
tials of the two haem groups [9].
In view of the detailed structural knowledge that is avail-
able for the monohaem cytochromes c, it is surprising that
only very little information was available about the three-
dimensional structure of the apparently similar dihaem
cytC4. The crystallization of cytC4 from Ps. aeruginosa,
together with a low-resolution electron-density map based
on two heavy-atom derivatives, has been published [10],
but no report is given of a refined structure. Recently, the
crystal structure of flavocytochrome c sulfide dehydroge-
nase (FCSD) from Chromatium vinosum has been deter-
mined [11]. This protein is a complex made up of an active
flavine-containing subunit and a minor dihaem cytochrome
c subunit (cytFCSD); the latter is about the size of cytC4
and has about 15% sequence identity to cytC4 [12]. FCSD
is able to oxidize sulfide to free sulphur in vitro, whereas
the apparently periplasmic location of FCSD seems incom-
patible with this function in vivo [13]. The recent structure
determinations of cytochrome c oxidase [14,15] have simi-
larly provided valuable information about what a potential
oxidase partner of cytC4 might look like.
We report here the first three-dimensional structure to
high resolution of the cytochrome c4 from Ps. stutzeri, deter-
mined by the isomorphous replacement method. This
structure determination has enabled us to make compar-
isons with the structures of monohaem cytochromes c and
has given insight into the role that cytC4 may play in the
electron-transfer processes.
Results and discussion
The crystal structure of cytC4 contains two crystallographi-
cally independent molecules, referred to here as A and B.
In contrast to the majority of protein structures with more
than one molecule in the asymmetric unit, the two mol-
ecules of cytC4 are not related to one another by simple
point-group symmetry but, as will be discussed below in
terms of crystal packing, their environments in the crystal
are quite different. Comparison of the two molecules
reveals that the regions that display the largest backbone
root mean square (rms) deviations are also the more flex-
ible (reflected in larger backbone B factors), especially 
in the loop and surface regions, where some different
sidechain conformations and hydrogen bonds are seen
between molecules A and B (Table 1). Apart from these
small variations, the two molecules are virtually identical in
the overall protein folding and protein–haem interactions.
Overall structure
The 190 amino acid residues of cytC4 from Ps. stutzeri are
organized into two similar domains, each containing one
haem group (Fig. 1). The two domains are related by a
pseudo-twofold axis. Close to the axis, where two propi-
onic acid groups (one from each haem group) interact in a
highly stabilized hydrogen-bond pattern, the twofold sym-
metry is perfect. Further away from the pseudo-twofold
axis, however, the symmetry gradually breaks down and
the molecule can be considered to be a dipole with pre-
dominantly negatively charged sidechains (glutamate and
aspartate) emerging from the N-terminal domain and pre-
dominantly positively charged sidechains (lysine and argi-
nine) emerging from the C-terminal domain.
Secondary structure
Each domain of cytC4 adopts a cytochrome c-like fold
with a predominantly helical secondary structure. On the
basis of manual inspection of the whole structure, we have
assigned nine a helices. Four of these are found in the
N-terminal and five in the C-terminal domain, as shown
by the ribbon representation produced with the program
MOLSCRIPT [16] in Figure 1a. This figure shows the
folding of cytC4 into two equally sized globular domains
connected by an extended polypeptide chain, with one
haem group bound to each domain. The interplanar angle
between the two haem porphyrin rings is approximately
30°, and the corresponding Fe–Fe distance is 19.1Å. The
structure of cytC4 also reveals a characteristic pseudo-
twofold symmetry that relates the two haem groups to one
another, and relates four of the helices (A,B,C and E) in
the N-terminal domain to the four helices in the C-termi-
nal domain. One helix (D) in the C-terminal domain has
no corresponding helix in the N-terminal domain; helix D
contains one of the axial haem ligands, Met167. Helices C
and E are of comparable size in the two domains, whereas
helices A and B differ in size between domains. The fold
of cytC4 is very similar to the dihaem cytFCSD, the
crystal structure of which was recently reported [11].
The helical arrangement around the haem group in cytC4 
is similar to that of other known structures of class I
cytochromes c. Refined structures have been reported for
cytochrome c from tuna [17,18], rice [19], yeast [20] and
horse heart [21], along with refined structures of cytochrome
c2 from Rhodospirillum rubrum [22] and cytochrome c-551
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from Ps. aeruginosa [23]. The crystal structures of green alga
cytochrome c6 from Monoraphidium braunii [24] and Chlamy-
domonas reinhardtii [25] have also been reported recently, but
the coordinates of these structures are not available at the
present. The A-, C- and E- helix arrangement found in both
domains of cytC4 has a correspondingly similarly arranged
counterpart in the structures of cytochrome c, c2 and c-551.
This similarity includes the packing of helices relative to
each other, their relative orientation with respect to the
haem group and their sequential order. In all of the struc-
tures, the A helices and the E helices are oriented almost at
right angles to one another. The A helices are situated on the
histidine side of the porphyrin plane, whereas the C helices
are typically on the methionine side (sometimes with minor
parts on the histidine side) and E helices interconnect the
two sides. It should be mentioned that cytochrome c-551 also
contains a counterpart of helix B in cytC4. At the folding
level, we conclude that the main differences between the
dihaem class I cytC4 structure and its (distant) relatives,
cytochromes c, c2 and c-551, is found in the polypeptide seg-
ments close to the haem propionic acid groups. The parts 
of the sequence that bury the haem propionate groups in 
the monohaem cytochromes are missing or considerably
changed in cytC4, creating the domain interface.
Twofold symmetry 
The two domains of cytC4 are related by a characteristic
pseudo-twofold symmetry, which is centred at a highly
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Table 1
Hydrogen bonds assigned to the twofold symmetrical arrangement of residues in the centre of cytC4 and intramolecular salt-
bridge interactions.*
Donor atom Position† Acceptor atom Position† Distance (Å) Comments
A B
Lys31-N Loop BNCN Gln141-Oe1 Loop BCCC 2.74 2.96 Symmetrical H-bond network
Lys137-N Loop BCCC Gln35-Oe1 Loop BNCN 2.82 2.78 -
Gln35-Ne2 Loop BNCN Lys137-O LoopBCCC 3.04 3.03 -
Gln141-Ne2 Loop BCCC Lys31-O Loop BNCN 3.22 3.15 -
Gln35-Ne2 Loop BNCN H2O-O‡ 205/219 2.87 2.89 -
Gln141-Ne2 Loop BCCC H2O-O‡ 206/211 2.99 3.06 -
Tyr39-Oh Helix CN Hem199-O2A 2.99 2.93 -
Tyr145-Oh Helix CC Hem200-O2A 2.89 2.84 -
Lys42-Nz Helix CN Asp46-Od2 Helix CN 2.72 2.80 -
Lys148-Nz Helix CC Asp152-Od2 Helix CC 2.84 2.80 -
Lys42-Nz Helix CN Hem200-O1D 2.95 2.86 -
Lys148-Nz Helix CC Hem199-O1D 3.08 3.04 -
Gln43-N Helix CN Tyr39-O Helix CN 2.86 2.89 -
Gln149-N Helix CC Tyr145-O Helix CC 3.06 3.06 -
Gln43-Ne2 Helix CN Hem200-O2D 2.97 3.10 -
Gln149-Ne2 Helix CC Hem199-O2D 2.92 3.11 -
Asp46-N Helix CN Lys42-O Helix CN 3.06 3.02 -
Asp152-N Helix CC Lys148-O Helix CC 2.85 2.80 -
Arg61-Nh1 Loop CNEN Gln43-Oe1 Helix CN 2.84 2.89 -
Arg158-Nh1 Loop CCD(C) Gln149-Oe1 Helix CC 2.97 2.76 -
Arg61-Nh2 Loop CNEN Tyr145-Oh Helix CC 2.97 2.86 -
Arg158-Nh2 Loop CCD(C) Tyr39-Oh Helix CN 2.98 2.87 -
Arg61-Nh1 Loop CNEN Hem199-O2A 2.92 2.98 -
Arg158-Nh1 Loop CCD(C) Hem200-O2A 2.99 2.90 -
Arg61-Nh2 Loop CNEN Hem199-O2D 2.87 2.78 -
Arg158-Nh2 Loop CCD(C) Hem200-O2D 2.90 3.11 -
Hem199-O1A Hem200-O1A 2.60 2.61 -
H2O-O‡ 205/219 Hem199-O1A 2.84 2.95 -
H2O-O‡ 206/211 Hem200-O1A 2.98 2.59 -
H2O-O‡ 205/219 Lys31-O Loop BNCN 2.72 2.79 -
H2O-O‡ 206/211 Lys137-O Loop BCCC 3.09 3.19 -
Lys10-Nz Loop ANBN Asp77-Od1 Helix EN 2.67 2.64 Structural stabilization
Lys10-Nz Loop ANBN Asp80-Od2 Helix EN 2.79 2.71 -
Lys111-Nz Loop ACBC Asp178-Od2 Helix EC 2.70 2.71 -
Arg168-Nε Helix D(C) Asp161-Od1 Loop CCD(C) 2.81 2.77 -
Lys101B-Nz Helix AC Glu104B-Oe1 Helix AC 2.76 Not in A molecule
Arg154B-Ne Helix CC Glu155B-Oe2 Helix CC 2.93 -
Lys177B-Nz Helix EC Glu180B-Oε2 Helix EC 3.15 -
*Residues in bold are conserved throughout the cytochromes c4 family (see Fig. 3). †Helix labels refer to Figure 1, with superscript letters denoting
N- and C-terminal. ‡Numbers for water molecules refer to molecule A and B, respectively.
stabilized propionic acid–propionate hydrogen bond. This
symmetry is not surprising if one considers the double
haem content, with its associated consensus residues and
the large degree of identity between the two halves of the
sequence. 
In order to analyse this symmetry, Ca tracings of two iden-
tical molecules were superimposed head-to-tail. This
superposition was refined with a least-squares procedure
in the graphics display program TURBO-FRODO [26],
using all Ca–Ca pairs with distances less than 2Å. Finally,
the pairwise corresponding coordinates were averaged to
give points defining the pseudo-twofold axis. The result is
shown in Figure 2, in which it can be seen that, apart from
diversity of some loops and the extended chain connecting
the two domains, the Ca-backbone and especially helices
A, B, C and E superimpose quite well. The most flagrant
violation of the twofold symmetry is associated with
sequences at positions before and after the methionine
residues that are axial ligands to the haem irons, whereas
the chains on the histidine side show a better match.
The head-to-tail superposition of cytC4 was used to align
the sequences of the two domains. In a similar manner, we
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Figure 1
Overall structure of Ps. stutzeri cytC4 in a
stereo view along the pseudo-twofold axis.
(a) Ribbon representation with haem groups
shown as ball-and-stick models. Helices are
assigned as follows. N-terminal domain:
Asp3–Gln8, helix A; Val11–His18, helix B
(with missing hydrogen bonds: Ala12-O–N-
Ala16 and Val13-O–N-Cys17); Gly36–Ser51,
helix C; Ser74–Ser87, helix E. C-terminal
domain: Leu99–Gly110, helix A;
Cys119–His123, helix B; His142–Gly156,
helix C; Met165–Ala172, helix D; and
Ser175–Gln187, helix E. Atoms are shown in
standard colours. (b) Sequence-numbered
Ca trace with haem groups and sidechains
for axial Fe ligands. (Figure produced using
the program MOLSCRIPT [16].)
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used the superposition of cytC4 with cytFCSD to align
their sequences. The results of the alignments are shown
in Figure 3. The three known sequences of cytC4, from
Ps. stutzeri, A. vinelandii and Ps. aeruginosa, could be aligned
easily as they have 123 identical residues, of which 38 are
shared with C. vinosum cytFCSD according to this align-
ment. The two domains of cytC4, which have very similar
folding, show surprisingly little sequence homology, with
only 18 identical residues in the two domains. Here, it
should be noted that our interdomain alignment in Figure
3, based on the three-dimensional cytC4 structure, differs
considerably from the previous alignments that were made
exclusively from the sequences [2].
Beyond the Ca level of comparison, a list of residues —
Cys14/Cys119, Cys17/Cys122, His18/His123, Phe29/
Phe135, Pro30/Pro136, Lys31/Lys137 (only backbone),
Leu32/Leu138, Gly34/Gly140, Gln35/Gln141, Tyr39/
Tyr145, Lys42/Lys148, Gln43/Gln149, Leu44/Leu150,
Asp46/Asp152 and Arg61/Arg158 — are structurally con-
served (i.e. main and sidechains superpose almost per-
fectly) when twofold symmetry is applied around the
pseudo-twofold axis. The remaining sequentially con-
served pairs — Gly7/Gly103, Gly50/Gly156, Ser74/Ser175,
Asp77/Asp178 and Tyr84/Tyr185 — are found further
away from the pseudo-twofold axis, where this symmetry is
less pronounced. The most surprising result of the struc-
tural alignment schematized in Figure 3 is the Arg61/
Arg158 correspondence, which could not be inferred from
previous sequence alignments of cytochromes c4 [2], proba-
bly because of the poor interdomain sequence homology in
this region. The interdomain structurally conserved
residues can be classified into three groups: the well known
cytochrome c fingerprint — Cys14/Cys119, Cys17/Cys122
and His18/His123; nonpolar residues, the sidechains of
which interact with the haem groups — Phe29/Phe135,
Pro30/Pro136, Leu32/Leu138 situated on the histidine side
and Leu44/Leu150 in the bottom of the haem cleft; and
residues involved in the symmetrical hydrogen-bond
network, associated with the two propionic acid groups
connected by a hydrogen bond, the midpoint of which 
contains the pseudo-twofold axis — Lys31/Lys137 (only
backbone), Gln35/Gln141, Tyr39/Tyr145, Lys42/Lys148,
Gln43/Gln149, Asp46/Asp152 and Arg61/Arg158. Two of
the nonpolar haem-interacting residues, Pro30/Pro136 and
Leu32/Leu138, are structurally conserved in cytochrome c
and c2, whereas only the proline residue is present in
cytochrome c5 [27] and c-551. In cytFCSD (Fig. 3), Pro30 is
conserved in the N-terminal domain, whereas Leu32 is
conserved in the C-terminal. In the structures that contain
this conserved proline residue, the proline oxygen atom
accepts a proton from Nd of the axial histidine forming a
hydrogen bond that stabilizes the orientation of this histi-
dine as a ligand [17]. Pro30 may also play a role in making
the axial histidine more nucleophilic, thereby lowering the
redox potential [28]. In conclusion, the part of the structure
comprising the histidine side of the porphyrin-ring plane
seems to be the best-conserved region throughout class I
cytochromes c. The pseudo-twofold symmetry of cytC4,
which is almost perfectly close to the symmetry axis, sug-
gests that this protein has originated as a result of gene
duplication. This duplication of a common ancestral gene
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Figure 2
Head-to-tail Ca superposition of two identical
cytC4 molecules, including haem groups and
axial ligands shown with the pseudo-twofold
axis. (Figure produced using the program
TURBO-FRODO [26].)
has been followed by evolution to give the two haem-group
redox centres different properties. The evolution has
mainly resulted in changes of the regions around the axial
methionines and the peripheral-loop regions.
A twofold symmetrical hydrogen-bond network
The intramolecular pseudo-twofold axis passes through the
centre of the hydrogen bond connecting the haem groups
from each domain. Their interaction through the carboxy
groups, with a corresponding O–O distance of 2.6Å (Table
1), implies that at least one of the propionate groups must
be protonated. As mentioned above, the residues Lys31/
Lys137 (only backbone), Gln35/Gln141, Tyr39/Tyr145,
Lys42/Lys148, Gln43/Gln149, Asp46/Asp152 and Arg61/
Arg158 are also part in a hydrogen-bonded network, which
includes the haem propionic acid groups and two water
molecules. The residues involved in this network, which
are all conserved in cytochromes c4, are marked with dots
in Figure 3. Within experimental errors, this arrangement
has twofold symmetry.
We have used common knowledge about hydrogen-bond
donors, acceptors and their corresponding donor–acceptor
distances/angles to postulate a plausible hydrogen-bond
pattern. The symmetrical network is illustrated as a stereo
pair in Figure 4, and Table 1 contains its relevant inter-
atomic distances. The assignment is as follows; Lys42/
Lys148 is hydrogen bonded to the opposite domain haem
carboxylate group, not taking part in the haem–haem inter-
action, and to Asp46/Asp152. Gln43/Gln149 plays a similar
role by serving as a hydrogen-bond donor to the other
oxygen atom of the propionate group as well as accepting a
proton from Arg61/Arg158. Arg61/Arg158 makes hydrogen
bonds with both haem carboxylate groups and donates a
proton to the opposite domain Tyr145/Tyr39 Oh. Backbone
atoms (N and O) of Lys31/Lys137 form a cyclic hydrogen-
bonded system with the opposite domain sidechain atoms
(Oε1 and Nε2) of Gln141/Gln35. Two equivalent water mol-
ecules serve as hydrogen-bond acceptors for the other Nε2
hydrogen atom of Gln35/Gln141. These water molecules
donate their protons to the backbone O atom of Lys31/
Lys137 and to the interacting haem carboxylate groups.
Different models for electron transport have been pro-
posed. All models agree that the electron-transport rate is
dependent upon three factors: the change in free energy
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Figure 3
Interdomain alignment of the three known
cytC4 sequences (Ps. stutzeri, A. vinelandii,
Ps. aeruginosa) with cytFCSD (dihaem
subunit of flavocytochrome c from
C. vinosum) [3,4,12,13]. The interdomain
alignment is based on the Ps. stutzeri cytC4
structure (this paper), which in turn is used
together with the cytFCSD structure [11] to
align the cytC4 sequences to cytFCSD. It
should be noted that the interdomain
alignment of cytC4 is substantially different
from previous alignments (e.g. [2]). Conserved
residues throughout cytC4 are in bold and
additional interdomain identities are framed.
Where appropriate, this notation is extended
to cytFCSD. An additional coding is applied
to Ps. stutzeri cytC4: haem-interacting
residues (residues with an atom closer than
4.5 Å to a haem group; see Figs 4,6) are
highlighted and residues participating in the
twofold symmetrical hydrogen-bond network
(Fig. 4) are marked with a dot.
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(the difference between reactant and product state); the
reorganization energy (the energy required to distort the
nuclear configuration of product state into the reactant
state without electron transfer), as proposed by Marcus
and Sutin [29]; and an electronic coupling (between reac-
tant and product wavefunctions) through the intervening
medium between donor and acceptor. The models dis-
agree on how the electronic coupling through the medium
takes place. One proposal is that the protein-mediated
electronic coupling depends only on the distance between
donor and acceptor and the nature of the intervening
medium, regardless of its structure (i.e. an organic glass)
[30]. An alternative structure-dependent model is pro-
posed in the ‘tunneling-pathway’ model [31], in which
contributions from s bonds, hydrogen bonds and through-
space jumps are considered for a particular pathway in
order to account for electron transport rates associated with
the pathway. The latter hypothesis has been experimen-
tally confirmed for cytochrome c and azurin by measuring
rates along presumed predominating electron transport
pathways when site-directed mutations have been made to
components of each pathway [32,33]. We have therefore
chosen to interpret the structure of cytC4 in terms of this
hypothesis.
The symmetrical complex hydrogen-bond network appears
to be designed to assist intramolecular electron transport.
In support of this hypothesis, the attention is drawn to
several nonpolar haem-interacting sidechains that are in
connection with the network: Pro30/Pro136 and Leu32/
Leu138 through the backbone of Lys31/Lys137; Leu44/
Leu150 and Ile47/Phe153 through Gln43/Gln149 and
Asp46/Asp152; and Leu40/Thr146 through Tyr39/Tyr145.
The twofold symmetry will provide two equivalent elec-
tron-transport pathways between the haem groups, which
will ensure a constructive interference of the electron
waves as a supplement to a direct transfer through the
interpropionate hydrogen bond. A linear proton displace-
ment in this hydrogen bond (heavy dashed line in Fig. 4),
which appears to fulfil the criteria of a low barrier hydrogen
bond [34], seems energetically favourable and may facili-
tate electron transfer between haem groups. 
The twofold symmetrical hydrogen-bond arrangement
seems to be unique for cytochromes c4, as only half of the
innermost residues that define this network — Gln141,
Tyr145, Asp152 and Arg158 — are structurally conserved
in the C-terminal domain of cytFCSD.
Salt bridges and free-surface charges
The content of charged residues (asparagine, glutamine,
lysine and arginine) in Ps. stutzeri cytC4 is similar to that 
of other cytochrome proteins. Between the two domains,
however, the charges are unevenly distributed. The N-ter-
minal domain (residues 1–95) contains 12 aspartate or luta-
mate residues (of which 8 are conserved among cytochromes
c4) and 8(7) lysine or arginine residues, whereas the C-termi-
nal domain (residues 96–190) contains 10(6) aspartate or glu-
tamate and 11(7) lysine or arginines. Compared in this way,
the difference in number of charged residues between
domains does not seem that flagrant. A better overview is
obtained in Figure 5, in which the colour-coded electrostatic
potential [35] is mapped at the surface of the molecule. This
figure clearly shows that the negatively charged residues
tend to cluster in the N-terminal domain, furthest away
from the pseudo-twofold axis. At the opposite end of the
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Figure 4
Twofold symmetrical hydrogen-bond network
at the propionic acid–propionate interface in
the centre of the cytC4 molecule. Residues
involved in this network are marked with a dot
in Figure 3 and hydrogen-bond distances are
listed in Table 1; atoms are shown in standard
colours. (Figure produced using the program
MOLSCRIPT [16].)
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molecule, positively charged residues cluster in the extreme
end of the C-terminal domain, giving rise to an overall
dipole moment of the molecule. The negatively and posi-
tively charged residues located at the extremes of the mol-
ecule comprise Asp3, Glu5, Asp75, Asp77, Glu79 and Asp80
(partly balanced by Lys10 and Lys48) in the N-terminal
domain, and Lys101, Lys105, Arg108, Lys111, Lys173,
Lys177 (partly balanced by Glu104, Asp113 and Asp178) in
the C-terminal domain. The interdomain region surround-
ing the propionate interface contains a belt of positively
charged residues — Lys31, Arg38, Lys42, Arg61, Lys62,
Lys89, Lys137, Lys148 and Arg158 — which is partly bal-
anced by Asp46, Glu57, Glu65, Asp131 and Asp152. One
would expect the negatively charged propionate groups to
be stabilized by the surrounding excess of positive charge,
which would result in an overall effect of raising both redox
potentials, consistent with the mainly nonpolar porphyrin
protein interactions [36].
The salt bridges between charged sidechains and haem
propionate groups are listed in Table 1. Because of the
different packing environments of the two molecules in
the asymmetric unit, the B molecule has three additional
intramolecular salt-bridge interactions, which are not
present for molecule A and involve surface residues. The
majority of the 12 intramolecular salt-bridge interactions
common to both molecules are between residues con-
served among cytochromes c4.
Environment of the haem groups
Spectroscopic characterization of the purified cytC4 used
for crystallization showed that it was the reduced form, but
the protein is known to be readily oxidized in solution. As
no reducing agent was used for crystallization, we believe
that the haem groups in the crystal structure contain
Fe(III). Previous structural investigations of oxidized and
reduced cytochrome c have shown that the changes in oxi-
dation state are accompanied by only small structural
changes [18]. The following overall description of the haem
environment is, therefore, assumed to be valid for cytC4 in
its different oxidation states.
Although iron atoms in the two domains have the same
ligands, His18/His123 and Met66/Met167, there are many
noteworthy differences between the haem environments.
These variations do not lead to significant variations in the
coordinating distances, however. The four Fe–His-Nε2 dis-
tances are in the range 1.9 to 2.0Å, and the four Fe–Met-Sd
distances are between 2.2 and 2.4Å. Likewise, the ligands
have similar low B values in the two domains. In order to
study the haem environments, we have examined the struc-
ture for non-bonding contacts between the haem groups
and the rest of the protein. Residues were selected that 
had at least one atom closer than 4.5Å to any atom of the
haem groups. These residues are highlighted in Figure 3.
Among these, residues which participate in the symmetri-
cal hydrogen-bond network (marked with a dot in Fig. 3)
have already been described. The remaining residues,
which only interact with the haem group in their respective
domains, are shown in Figure 6. As expected for a
hydrophobic haem pocket, these residues are all nonpolar
apart from Asn28 and Glu65 in the N-terminal domain and
Thr146, Asn160 and Asp161 in the C-terminal domain. The
sidechains of Asn28 and Asp161 are pointing away from the
haem group, however, the Asn160 sidechain is close to the
haem propionate and Thr146 interacts with the porphyrin
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Figure 5
The electrostatic potential mapped onto the
molecular surface with direction of the dipole
moment shown (green arrows). Blue
represents positive charge distribution and
red negative charge. The view is along the
pseudo-twofold axis: front view (left, as Fig. 1)
and back view (right). (Figure produced using
the program GRASP [35].)
ring through its Cg atom. More unusual is the presence of
the Glu65 carboxylate group close to the N-terminal haem
porphyrin. The shortest interaction here is 3.5Å between
Glu65-Cd and the methyl carbon attached to pyrrole ring D.
The carboxylate group of Glu65 does not take part in any
hydrogen bond with the rest of the molecule but appears to
be stabilized by the accessible solvent. Another unusual
interaction takes place between Val13-O and the methyl
carbon atom at pyrrole ring C in the N-terminal haem
group; these atoms are only 3.0Å apart. The corresponding
distance in the C-terminal domain between Ala118-O and
the methyl carbon atom of the haem group is 3.5Å. Consis-
tent with these observations, the carbonyl group of Val13 
is not involved in any classical hydrogen bond, whereas 
the carbonyl group of Ala118 is hydrogen bonded to a 
water molecule that forms a bridge between Gly121-N and
Ala118-O. This suggests that the haem group and the 
carbonyl group of Val13 are interacting through a C-H–O
hydrogen bond [37]. It is increasingly apparent that this
type of interaction is important in biological systems [38].
The analysis of the pseudo-twofold symmetry, which relates
the two domains, clearly showed that it is well preserved on
the histidine side of the porphyrin ring system. Figure 6
illustrates the previously mentioned twofold-related pairs of
residues in the two domains  — Phe29/Phe135, Pro30/
Pro136, Leu32/Leu138 and Leu44/Leu150. However, an
interesting difference is found in the sequence segments fol-
lowing His18 and His123: His18 is followed by Gly–Val–
Asp, whereas Ala–Pro–Asn follows His123. Ala124 is the only
residue found in the disallowed region of the Ramachandran
plot and is adjacent to the less flexible Pro125 residue. This
suggests that His123 is in a more strained conformation 
than His18. A more detailed inspection of the coordination
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Figure 6
Haem groups with neighbouring residues
(residues with an atom closer than 4.5 Å to
either of the haem groups) not involved in the
symmetrical hydrogen-bond network (see
Fig. 4). (a) N-terminal haem group.
(b) C-terminal haem group. Atoms are shown
in standard colours. (Figure produced using
the program MOLSCRIPT [16].)
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for the two histidine residues seems to reveal small system-
atic variations, although experimental accuracy limits our 
certainty in these observations. Relative to His18, the C-ter-
minal His123 imidazole ring is moved slightly away from a
completely axial position; this means that its Nε2 lone pair
does not point directly towards Fe. Both coordinating histi-
dine residues are hydrogen bonded to conserved prolines
(Pro30 and Pro136), but in the C-terminal domain, the
hydrogen bond between His123-Nd1 and Pro136-O appears
to be slightly longer than the equivalent hydrogen bond in
the N-terminal domain. This may have the effect of making
the imidazole ring system less nucleophilic.
More pronounced differences are observed with respect to
the coordinating methionine. The regions around the two
methionine residues Met66 and Met167 are not related by
the pseudo-twofold symmetry. In the C-terminal domain,
Met167 is found in the D helix, which does not have an
analogue in the N-terminal domain. Here, the coordinat-
ing Met66 is the first residue in a b turn. The stereo pairs
in Figure 6 display some of the differences between the
two domains on the methionine side of the porphyrin-ring
system. Most noteworthy is the difference in conformation
of the methionine sidechains and the different positions 
of the Ca backbone of these residues. Despite the differ-
ences on the methionine side and the extra loop in the
C-terminal domain, with the haem-interacting residues
Met116 and Pro117 (Figs 3,6), the solvent-accessible
haem areas calculated to be 63 Å2 (N-terminal) and 57 Å2
(C-terminal) are very similar.
Making the assumption that the difference in redox poten-
tials originates from the difference in charge distributions
around the haem groups, we used the structural information
to assign the observed redox potentials of 241 and 328mV
to each haem group [9]. The previous description demon-
strates clearly that the two haem groups have significantly
different environments which, together with the dipole
arrangement of charges, account for the observed difference
in redox potentials. We noticed that the cytC4 molecule
appears as a dipole with excess negative charges in the
N-terminal domain and excess positive charges in the
C-terminal domain (Fig. 5). This was further substantiated
by the close contacts between the carboxylate group of
Glu65 and the N-terminal haem group (Fig. 6). The redox
potentials of haem groups in proteins are influenced both
by the surface charges and by buried charges within the
protein [39,40]. For cytC4, both factors would tend to lower
the redox potential of the N-terminal haem group. There-
fore, we conclude that the lower redox potential of 241mV
is associated with the N-terminal haem group and the
higher potential of 328mV with the C-terminal haem group.
Crystal packing
Cytochromes c4 take part in bacterial electron-transfer
processes that must involve interactions between cytC4
and its redox partners through the formation of protein
complexes. To ensure optimal and controlled electron
transfer, a well defined spatial relationship must exist
between the redox centres in these protein complexes.
The formation of protein crystals is also based on specific
interactions between protein molecules. We therefore
examined the crystal packing for interactions between
protein molecules, which may mimic the type of interac-
tions that cytC4 can make with its redox partners.
The crystals of Ps. stutzeri cytC4 contain two molecules 
in the asymmetric unit. The two molecules are not related
by simple non-crystallographic symmetry elements. The B
molecule can be generated from the A molecule by a
148.9° rotation about the unit vector (–0.1765, 0.1730,
0.9690) followed by a (20.544Å, 22.659Å, –32.060Å) trans-
lation; the numbers refer to the conventional orthogonal-
ization scheme (first axis parallel to the crystallographic
a axis and third axis parallel to the crystallographic c* axis).
This is in contrast to the behaviour observed in most crys-
tals containing more than one molecule in the asymmetric
unit, in which the molecules are related by non-crystallo-
graphic symmetry elements parallel or orthogonal to well
defined crystallographic directions [41].
The two molecules in the cytC4 crystals are in a consid-
erably different packing environments. Molecules of type
A are connected by salt bridges from Asp3 and Glu5 in the
N-terminal domain to Lys101 and Lys105 in the C-termi-
nal domain of a molecule translated along the a axis, and
by salt bridges between Arg168 and Glu104 from two mol-
ecules related by the crystallographic twofold screw axis.
B molecules are not interconnected but interact strongly
with A molecules through hydrophobic contacts in the
direction of the c axis, as shown in Figure 7. The A and 
B molecules alternate, such that the C-terminal domain of
A pack with the N-terminal domain of the B and, in turn,
the C-terminal domain of B pack with the N-terminal
domain of A. The strongest intermolecular interaction
appears to be between the C-terminal domain of A and the
N-terminal domain of B, which brings the respective haem
groups very close together in an almost coplanar mode 
with a corresponding Fe–Fe distance of 16.0 Å. In addition,
this intermolecular interaction, defined by interatomic dis-
tances less than 4.0Å, involves residues Pro117, Gly121,
Cys122, Asn130, Leu132, Ala133, Phe135, Asp163, Thr164
and Ile166 from the A molecule, and residues Ala12, Val13,
Ala16, Cys17, Pro25, Ala26, Phe29, Leu64, Glu65, Thr67
and Met69 from the B molecule. The other intermolecular
interaction between the C-terminal domain of the B mol-
ecule and the N-terminal domain of the A molecule also
brings the respective haem groups into close contact. The
Fe–Fe distance is here 16.6 Å, but in this case the interpla-
nar angle between the two haem groups is ~70°. This
interaction (interatomic distances less than 4.0 Å) brings
the residues Leu112, Gly115, Gly121, Cys122, Asn130,
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Leu132, Ala133 and Phe135 from the B molecule close 
to the residues Val13, Ala16, Ala26, Pro27, Asn28, Phe29,
Glu65 and Met69 from the A molecule.
The packing interactions can be visualized in terms of
dipole–dipole interactions in the direction of the a axis and
tight hydrophobic van der Waals-type interactions directed
along the c axis. As a result of this packing arrangement,
chains of interacting haem groups are found parallel to the
c axis, as shown in Figure 7. The shortest contact, between
the C-terminal haem group of molecule A and the N-ter-
minal haem group of molecule B, where these are copla-
nar, is 3.9Å between methyl carbon atoms Hem200A-CBC
and Hem199B-CMC of the haem groups. In the other
contact, between the C-terminal haem group of B and the
N-terminal haem group of A translated along the c axis,
the shortest distance is 5.2Å between atoms Hem200B-
CMC and Hem199A-CBC. Interestingly, the intermolecu-
lar hydrophobic contacts involve the exposed surface at
the C-pyrrole corner of the haem group. Similar hydropho-
bic interactions have been observed in the crystals of
C. reinhardtii cytochrome c6 [25], where this oligomeriza-
tion is proposed to have a functional role. In the FCSD
structure [11], it is the same region of the dihaem
cytochrome c subunit that interacts with the flavine-con-
taining subunit of the complex.
Biological implications
Class I cytochrome c proteins function as important
links between oxidases and reductases at the oxidizing
end of the electron-transport system associated with
both aerobic and anaerobic respiration of bacteria or 
of mammalian mitochondria. Cytochromes c are located
in the periplasm, where they function through interac-
tions with electron-transport chains located in the mem-
brane to deliver electrons to cytoplasmic sites [42].
Cytochromes c may act either as diffusible links from
reductase to terminal oxidase systems or as an integral
part of either of these systems [1]. Soluble cytochrome c4
(cytC4) isolated from cells of Pseudomonas aeruginosa,
Pseudomonas stutzeri and Azotobacter vinelandii was found
in the periplasm, but most cytC4 was found in the mem-
brane, presumably bound to the periplasmic face [5,6].
As predicted from previous sequence alignments, the
dihaem cytC4 from Ps. stutzeri folds into two similar
cytochrome c-like domains, but on the basis of the three-
dimensional structure, substantial adjustments have
been made for the interdomain sequence alignment. The
protein contains two isolated redox centres connected by
a short hydrogen bond between the propionic acid
groups of the haem moieties, and a well defined symmet-
rical system of hydrogen bonds that provide an efficient
pathway for intramolecular electron transfer. A unique
characteristic of cytC4 is its asymmetric distribution of
charges. The N-terminal domain contains an excess of
negatively charged residues and the C-terminal domain
an equivalent excess of positively charged residues, such
that the protein behaves as a molecular dipole. The
detailed structural knowledge of the haem–protein inter-
actions, together with the difference in distribution of the
surrounding charges, makes it possible to assign the
measured redox potentials of 241 and 328 mV to each
haem group. The N-terminal haem group, with excess
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Figure 7
Packing arrangement in the unit cell, shown
by Ca tracings of the two molecules in the
asymmetric unit labelled, A and B, with
symmetry-related haem groups. Labels N
indicate the N termini. Lower case label o
denotes the origin, and a, b and c denote the
directions of the unit cell axes,
respectively.(Figure produced using the
program TURBO-FRODO [26].)
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of negative charges corresponds to the lower reduction
potential. The crystal structure of cytC4 allows us to
study properties of a protein with multiple redox centres,
and it provides a basis for subsequent prediction of possi-
ble electron-transfer pathways.
The characteristic molecular dipole of cytochrome c4 is
important for electrostatic interactions, and the subse-
quent recognition of potential redox partners of cytC4.
Although only limited knowledge is available on the spe-
cific function of cytC4, it seems plausible that its function
in electron-transfer processes resembles that of the mono-
haem class I cytochromes c. Investigations have verified
that lysine residues on the surface of cytochrome c, espe-
cially around the exposed haem edge, are important for
cytC4’s reaction with its physiological redox partners
cytochrome c1 and cytochrome c oxidase [43]. The excess
of positively charged residues in the C-terminal domain of
cytC4 may enable it to interact with an oxidase of a type
similar to cytochrome c oxidase [14,15], which is known
to contain a pocket with negatively charged residues;
simultaneously or sequentially, the N-terminal domain is
free to interact with a reductase. The structure of the
flavocytochrome c sulfide dehydrogenase complex [11] is
an example in which the N-terminal domain of the
dihaem cytochrome c subunit (with a fold very similar to
that of cytC4) interacts with the flavine-containing enzy-
matically active subunit. On the basis of the above
example and the strong hydrophobic edge-to-edge haem
interactions seen in the crystal packing of cytC4, the
C-pyrrole corners of both haem groups seem to be possi-
ble sites for external electron exchange to redox partners.
The structure-based sequence homology between the
two domains of cytC4 suggests that this protein has
evolved by duplication of an ancestral cytochrome c
gene. The haem–haem propionic acid–propionate hydro-
gen bond surrounded by a complex twofold symmetrical
hydrogen-bond network indicates that cooperativity
between two redox centres is an integral part of cytC4
function. The double haem content is suitable to assist
two-electron transfer processes, similar to the in vitro
oxidation of sulfide to free sulphur as carried out by flav-
ocytochrome c sulfide dehydrogenase [11].
Materials and methods
Crystals and derivatives
The crystallization of Ps. stutzeri cytochrome c4 by vapour diffusion has
previously been described [44] (space group P21 with cell parameters,
a = 49.5 Å, b = 58.6 Å, c = 63.5 Å, b = 97.0° and two molecules in the
asymmetric unit). One isomorphous heavy-atom derivative (U) was pre-
pared by soaking with 1 mM UO2(NO3)2; 1 ml of a 10 mM UO2(NO3)2
solution was added to a 10 ml drop containing crystals and left soaking
for one week prior to the data collection.
Data collection
X-ray diffraction data were collected for one native and one derivative
(UO2(NO3)2) crystal. In both cases, the crystals were cooled to 1°C
during data collection with the low-temperature device provided by 
Molecular Structure Corporation. An R-AXIS II imaging-plate system was
used to measure the intensities, employing graphite monochromatized
Cu-Ka radiation from a Rigaku Rotaflex RU 200 rotating anode operating
at 50kV and 180mA. Integrated intensities were obtained with DENZO
from the HKL suite [45] and data reduction was performed with the pro-
grams ROTAVATA and AGROVATA from the CCP4 suite (except where
otherwise noted, names of programs used for computations refer to the
CCP4 suite [46]). Additional details about data collection and reduction
are given in Table 2 (see also [44]).
Structure determination
The structure determination was achieved by a combination of phase
information from the single isomorphous derivative and the anomalous
dispersion differences due to Fe in the native data. The positions of the
four independent Fe atoms were derived from the native anomalous dif-
ference Patterson map as described, [44]. The program SCALEIT was
used to scale derivative data to native. A relative overall scale and an
isotropic B factor were manually adjusted (over-riding the default option)
to obtain unity scale factors. Based on 17 721 common reflections, the
fractional isomorphous difference was: Riso =16.2%. An isomorphous
difference Patterson map could be interpreted in terms of two heavy-
atom sites, consistent with the anomalous difference Patterson map.
Positions of the two U sites were related to the same origin as the 
four Fe atoms by the use of cross-Fourier syntheses. Two phase sets
(one for each possible enantiomorph) were generated with MLPHARE
[46,47] using native anomalous data and the known Fe positions. In
order to perform these computations, the native dataset was duplicated
in order to simulate a native–derivative relationship. In this way, Fe
atoms could be treated as heavy-atom sites with zero real occupancy
and with an anomalous occupancy different from zero. Coordinates,
anomalous occupancies and isotropic B factors were refined and used
for phase calculations (4261 anomalous reflections between 10 and 3 Å
with a phasing power of 1.37). Derivative–native isomorphous differ-
ences could then be phased to give either two peaks (correct enan-
tiomorph) or two holes (wrong enantiomorph) at positions consistent
with the isomorphous difference Patterson map.
By comparing the native and derivative anomalous difference Patterson
maps, it was clear that scattering contributions from the anomalous Fe
atoms should be included together with the anomalous U atoms in
order to give a full heavy-atom description of the derivative anomalous
signal. The heavy-atom model (see Table 2) was refined and phases
calculated with MLPHARE using all data and refining all refinable para-
meters. This refinement gave an unrealistically high variation of anom-
alous occupancies for Fe in the range from 0.721 to 1.072 with
isotropic B factors between 7.9 and 34.3 Å2. The problem of not being
able to constrain the anomalous Fe occupancies to be equal in
MLPHARE was circumvented by means of various adjustments in the
heavy-atom model, which did not, however, lead to significant improve-
ments in either phasing statistics or maps — so the final heavy-atom
model was based on the default MLPHARE run. Phasing statistics are
given in Table 2.
Phases were improved with the program SQUASH [48] simultaneously
using Sayre’s equation, histogram-matching and solvent-flattening options,
assuming 40% solvent in the crystal.
Model building and refinement
The map calculated with SQUASH phases was of a quality that allowed
an almost complete assignment of the two molecules in the asymmetric
unit. First, a BONES representation of the map was calculated with the
program O [49]. The molecules could be easily recognized with their
characteristic helical structural elements. The four haem groups could
be positioned from the known Fe positions and unambiguously oriented
in the map based on their covalently bound cysteine sulphur atoms,
which appeared clearly in a supplementary experimental map based on
anomalous differences in the native data and SQUASH phases shifted
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by –90°, as shown in Figure 8. The consensus sequences Cys14–Gly–
Ala–Cys–His at the N-terminal haem and Cys119–Thr–Gly–Cys–His at
the C-terminal haem could be distinguished in the map. This distinction
was confirmed by the presence of the Met116 sulphur atom in the
anomalous SQUASH map. From these anchor points, most of the
amino acid sequence could be assigned, again using the anomalous
SQUASH map as a valuable tool to confirm the methionine positions.
The graphics display program TURBO-FRODO [26] was used for 
construction and refitting of the model. Missing parts were built into 
the structure and corrections were made by means of subsequent
2Fobs–Fcalc and Fobs–Fcalc maps based on reflections between 8 and
2.2 Å resolution and model phases after refinement. In addition, resid-
ual density peaks were modelled as water molecules if they had good
hydrogen-bond geometry, their B factors refined to values smaller than
50 Å2 and gave back clear 2Fobs–Fcalc density at a 1s cutoff level.
The model was refined by simulated annealing and neighbour-
restrained individual isotropic temperature-factor optimization with
X-PLOR [50], using the Engh and Huber [51] structural parameter set.
Structural parameters for the haem group with ligands were taken from
the 1.5 Å resolution structure of cytochrome c [17]. Non-crystallo-
graphic symmetry restraints were not applied. The current model con-
tains all 2 ×190 amino-acid residues with 2 ×2 haem groups and 138
water molecules.
Quality of the model 
The present model was refined using 90% of all observed reflections
between 8 and 2.2 Å resolution. The resulting R factor is 20.1% for all
(17 609) reflections in this resolution range with an Rfree value of
26.7% for the 10% test set. The rms deviations in bond lengths and
bond angles from standard values are 0.011 Å and 1.7°, respectively. A
Ramachandran plot calculated with PROCHECK [52] revealed all but
one non-glycine residue in the ‘most favoured’ (91.9%) or ‘additional
allowed regions’ (7.4%). Ala124 is found in the forbidden region with
(f,ψ) close to (70°,150°). This residue is situated between the axial
haem ligands His123 and Pro125, in a region where the electron
density for both molecules is well defined.
The geometry of the two molecules in the asymmetric unit is virtually
identical. Some differences in sidechains are observed for surface
residues due to different packing environments for the two molecules.
The rms difference between molecules A and B is 1.00 Å for all atoms
and 0.47 Å for backbone atoms only.
Accession numbers
The atomic coordinates and observed structure factor amplitudes for
cytochrome c4 from Ps. stutzeri have been deposited at the Brookhaven
Protein Data Bank with accession code 1ETP.
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Table 2
Data collection and statistics.
Native U derivative*
Diffraction limit (Å) 2.2 2.2
Completeness (%) 98.1 (78.9)† 97.4 (75.4)
Completeness outer shell (%)‡ 96.6 (72.8) 96.6 (70.4)
Rsym (%)§ 3.3 3.1
Rsym outer shell (%) 12.1 7.7
I/s (I) 13.5 12.2
I/s (I) outer shell 5.7 6.5
Multiplicity 3.8 3.7
Number of sites# - (4) 2 (6)
Number of phased reflections** - (9392) 17705 (10616)
Rcullis†† - (0.71) 0.83 (0.66)
Phasing power‡‡ - (1.0) 0.9 (1.1)
*1 mM UO2(NO3)2. †Quantities in parentheses are for anomalous data.
‡Outer resolution shell= 2.32–2.20Å. §Rsym = Σ | I – < I > | / ΣI, where I =
observed intensity and < I > = average intensity obtained from multiple
observations of symmetry-related reflections. #Four anomalous Fe sites
and two isomorphous/anomalous U sites. **A total of 18000 reflections
were phased with a mean figure of merit of 0.481. ††The original Rcullis
definition for centric reflections is: Σ || FPH ± FP | – FH | / Σ | FPH – FP |. Here
we have used the MLPHARE [46] definition, extended to include
acentric reflections and anomalous data. ‡‡Phasing power is defined as
< FH > / < Lack of closure>.
Figure 8
Experimental maps after phase improvement with SQUASH [48],
superposed on selected parts of the refined structure. Fine line map:
best-Fourier synthesis to 2.5 Å resolution with native Fobs and
SQUASH-phases contoured at a 1s level. Heavy line map: best-
Fourier synthesis to 2.5 Å resolution with native ∆Fano and SQUASH-
phases shifted by –90° contoured at a 2.5s level. (Figure produced
using the program TURBO-FRODO [26].)
(a)
(b)
Cys 122A SG      
Cys 119A SG      
Met 116A SD      
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